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Gravitational leptogenesis refers to a class of baryogenesis models in which the matter-antimatter
asymmetry of the universe arises through the standard model lepton-number gravitational anomaly.
In these models chiral gravitational waves source a lepton asymmetry in standard model neutrinos
during the inflationary epoch. We point out that gravitational leptogenesis can be successful in
either the Dirac or Majorana neutrino mass scenario. In the Dirac mass scenario, gravitational
leptogenesis predicts a relic abundance of sterile neutrinos that remain out of equilibrium, and the
lepton asymmetry carried by the standard model sector is unchanged. In the Majorana mass sce-
nario, the neutrinos participate in lepton-number-violating interactions that threaten to washout
the lepton asymmetry during post-inflationary reheating. However, we show that a complete (expo-
nential) washout of the lepton asymmetry is prevented if the lepton-number-violating interactions go
out of equilibrium before all of the standard model Yukawa interactions come into equilibrium. The
baryon and lepton asymmetries carried by right-chiral quarks and leptons are sequestered from the
lepton-number violation, and the washout processes only suppress the predicted baryon asymmetry
by a factor of εw.o. = ±O(0.1). The sign of εw.o. depends on the model parameters in such a way
that a future measurement of the primordial gravitational wave chirality would constrain the scale
of lepton-number violation (heavy Majorana neutrino mass).
I. INTRODUCTION
Our observable Universe is overwhelmingly dominated
by matter, rather than antimatter. This asymmetry is
quantified by the dimensionless ratio nB/s, where nB is
the number density of baryon number and s is the en-
tropy density of the cosmological plasma. The baryon
relic abundance is measured from observations of the
cosmic microwave background (CMB) to be Ωbh
2 '
(0.0223± 0.0002) [1], which implies a baryon-to-entropy
ratio of
YB ≡ nB
s
' (0.861± 0.008)× 10−10 . (1)
Observations of the light element abundances furnish a
consistent measurement of YB when compared with the
predictions of big bang nucleosynthesis (see, e.g., [2]).
The origin of this small asymmetry has long been a
mystery. Inflation dilutes the number density of any pre-
existing relics by a factor of e−3N , where N ∼ 50, and
implies that any matter-antimatter asymmetry must be
generated during the subsequent evolution of the Uni-
verse. Sakharov long ago enumerated the conditions for
the successful dynamical generation of the baryon asym-
metry [3], and subsequently many models for baryogen-
esis have been proposed.
Leptogenesis models [4] generate the asymmetry first
in the lepton sector (see, for example, [5]) and then in-
voke the electroweak sphaleron process to distribute the
asymmetry between the leptons and the baryons. Several
of these models employ inflationary or immediate post-
inflationary dynamics to produce the lepton asymmetry
(including but not limited to [6–8]). In these models,
the lepton asymmetry is usually first manifested in the
neutrino sector.
Multiple observations of neutrino flavor oscillations
have now established that at least two of the neutrino
species have non-zero masses [9, 10]. Whereas massless
fermions are uniquely described by Weyl spinor fields,
massive fermions can be described by either Majorana
or Dirac spinors depending on whether the particles are
self-conjugate under charge conjugation, C. At present,
the particle nature of the neutrinos (Dirac or Majorana)
remains an open question. In fact, neutrinos may be the
first elementary Majorana fermions known to us [11].
The nature of the neutrinos (Dirac or Majorana) is cru-
cial for many models of inflationary leptogenesis that pro-
duce the lepton asymmetry initially in the neutrino sec-
tor. If the neutrinos are Dirac fermions, then equal and
opposite lepton number is produced in the left-handed
standard model (SM) neutrinos and their right-handed
sterile partners, and no net lepton-number asymmetry
arises. If neutrinos are Majorana fermions instead, then
lepton-number-violating interactions can partly (or even
completely) washout the resulting asymmetry. This is
similar to washout processes that are known to occur in
models of thermal leptogenesis [12].
In this paper we point out that gravitational leptoge-
nesis is compatible with either neutrino mass scenario.
We also point out that for the Majorana scenario, gravi-
tational leptogenesis does not require the scale of lepton-
number violation (e.g., mass scale of heavy Majorana
neutrinos) to satisfy mN  HI , where HI is the Hub-
ble scale during inflation. We further estimate the effect
of lepton-number-violating processes that washout the
baryon asymmetries on the parameter space of generic in-
flationary gravitational leptogenesis scenarios in the Ma-
jorana scenario.
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This paper is organized as follows. In Section II, we
review the basic mechanism of gravitational leptogene-
sis and discuss its various implementations. In Section
III we generalize the assumption of instantaneous reheat-
ing and compute how the baryon asymmetry is diluted
during the epoch of reheating. Up to this point we as-
sume that baryon-minus-lepton number is conserved, as
in the standard model, and in Section IV we discuss
how the Dirac and Majorana neutrino mass scenarios
affect gravitational leptogenesis. In Section V, we ex-
plore the Majorana mass scenario more carefully and
calculate the predicted baryon asymmetry for gravita-
tional leptogenesis. We summarize our results in Sec-
tion VI. Throughout we work in natural units where
h¯ = c = kB = 1, and we explicitly retain the reduced
Planck mass MPl = (8piGN )
−1/2.
II. GRAVITATIONAL LEPTOGENESIS
In the standard model of particle physics, baryon num-
ber (B) and lepton number (L) are not conserved charges,
but rather the corresponding symmetries, U(1)B and
U(1)L, are violated by quantum effects. Specifically, L de-
velops a gravitational anomaly, because gravity couples
to left-chiral neutrinos that have no right-chiral coun-
terpart in the standard model [13–16], but there is no
gravitational anomaly for B since the standard model
contains equal numbers of left- and right-chiral quarks.
It is natural to ask whether the lepton-number gravi-
tational anomaly can be used to explain the observed
matter-antimatter asymmetry of the universe [17]. Grav-
itational leptogenesis [18] is an elegant implementation of
that idea.
Gravitational leptogenesis refers to a class of models
in which chiral gravitational waves are generated during
the inflationary epoch, and the resulting non-zero gravi-
tational Pontryagin density sources a lepton asymmetry.
This is quantified by the current conservation equation
[19]1
∂µ
(√−gJµB−L) = −NL−R24 116pi2 RR˜ . (2)
1 Considering quantum electrodynamics with a single flavor
of vector-like fermions, Refs. [13, 15, 16] derive ∂µJ
µ
A =
(−1/12)(1/16pi2)RR˜ for the anomalous divergence of the ax-
ial vector current. The vector current is exactly conserved,
∂µJ
µ
V = 0. Consequently, the chiral currents JL,R = (JV ∓JA)/2
obey ∂µJ
µ
L,R = (±1/24)(1/16pi2)RR˜. (The calculation of ∂JA
in Ref. [14] contains a factor of 2 error, and the calculation
in Ref. [19] differs by a factor of 2 because they consider chi-
ral fermions for which ∂JR = 0.) The standard model lepton-
number current is JL =
∑
i Jei
L
+ Jei
R
+ Jνi
L
, where the index is
summed over three generations. The electrons have vector-like
gravitational interactions, and their contributions to ∂µJ
µ
L cancel
leaving only the contribution from the three left-chiral neutrinos.
The coefficient is NL−R = −
∑
i χi(Bi − Li), which sums
all the Weyl spinor fields in the theory counting χi = +1
(−1) for each left-chiral (right-chiral) spinor and weight-
ing the sum by the baryon-minus-lepton number of each
field (Bi − Li). In the standard model NL−R = 3, and a
growing gravitational wave chirality therefore sources net
lepton number in the form of a net left-handed neutrino
asymmetry.
Most studies of gravitational leptogenesis assume ei-
ther that the neutrinos are massless, as in the standard
model, or that they are Majorana particles, and the scale
of lepton-number violation is much higher than the en-
ergy scale of inflation so that the new degrees of freedom
can be neglected. In Section IV we discuss the effect of
finite neutrino mass on models of gravitational leptogen-
esis, and in Section V we show how the predicted baryon
asymmetry (including its sign) depends on the details of
the neutrino mass generation.
While the basic mechanism of gravitational leptogen-
esis from chiral gravitational wave production during in-
flation is robust, the original model proposed in Ref. [18]
has a number of issues. In this scenario, chiral gravita-
tional waves are generated via the coupling of a pseudo-
scalar inflaton to the gravitational Chern-Simons term,
or Pontryagin density [20, 21] (see also Ref. [22]). How-
ever, it has been argued that this coupling makes the
predictions of the theory sensitive to unknown ultraviolet
(UV) physics [23]. Further, in this realization the major-
ity of the contribution to the lepton current was argued
to arise from graviton modes deep within the horizon.
This results in an enhancement of the asymmetry by a
factor of (Λ/HI)
4, where Λ is the ultraviolet cut-off scale
of the theory and HI is the Hubble scale during infla-
tion. In Ref. [18], Λ is taken to be the Planck scale. Ref.
[24] argues that once a proper renormalization procedure
is applied, then this enhancement factor is removed, or
effectively Λ ∼ HI .
A number of inflationary scenarios have been subse-
quently proposed in which large amplitude, chiral grav-
itational waves are abundantly produced in the absence
of direct interactions between the inflaton and the grav-
itational Chern-Simons term. In the context of Natural
Inflation [25], a Chern-Simons interaction between the
pseudo-scalar inflaton and a U(1) gauge field leads to
the exponential production of helically-polarized gauge
bosons [26]. These helical gauge bosons in turn gen-
erate a helically polarized gravitational wave spectrum
[27]. Unfortunately, it has been recently shown that this
mechanism does not generate a sufficient lepton asymme-
try without spoiling inflation [28]. Other more promising
examples are inflationary scenarios that contain SU(2)
gauge fields with classical vacuum expectation values,
such as Gauge-flation [29–31] and its variants [32, 33],
Chromo-Natural Inflation (CNI) [34–37] and its vari-
ants [38–40], and models that include spectator Chromo-
Natural-like sectors [41–44]. Gravitational leptogenesis
has been studied within the context of these SU(2) mod-
els [45–47]; however, these works focused on the UV
2
modes and suffer from similar criticisms regarding reg-
ularization and renormalization as the original proposal.
More recently, Caldwell and Devulder pointed out that
in a variant of CNI, large-amplitude chiral gravitational
waves that leave the horizon near the end of inflation
could be responsible for the baryon asymmetry of the
universe [40]. Furthermore, they demonstrated that re-
quiring their model to generate a sufficient baryon asym-
metry puts a lower bound on the tensor-to-scalar ratio
that is accessible with upcoming Stage-4 CMB experi-
ments [48].
In the following we do not assume any specific imple-
mentation of gravitational leptogenesis, but we do use
the work of Ref. [40] as a benchmark point for numerical
estimates.
III. GENERATION OF BARYON ASYMMETRY
In this section we calculate the baryon asymmetry that
is generated through models of gravitational leptogenesis.
We treat the neutrinos as massless as predicted by the
standard model, leaving the discussion of the issue of
neutrino mass to Sections IV and V.
Let nB−L(a) denote the number density of baryon num-
ber minus lepton number at a time when the FRW scale
factor equals a, and thus a3nB−L is the comoving den-
sity. During inflation RR˜ 6= 0 causes a3|nB−L| to grow,
but after the end of inflation RR˜ = 0 and a3nB−L is
constant. At this point we are ignoring the possibil-
ity of (B − L)-violating washout. Furthermore, taking
RR˜ = 0 immediately after inflation amounts to neglect-
ing the possibility of helical gravitational wave produc-
tion during (p)reheating.
Let ae and He denote the scale factor and Hubble pa-
rameter at the end of inflation. It is convenient to intro-
duce the dimensionless variable NB−L = a3nB−L/a3eH3e ,
which represents the comoving number density of baryon-
minus-lepton number per comoving Hubble volume at the
end of inflation. With the above assumptions, NB−L is
constant after the end of inflation (ae < a).
The lepton asymmetry produced from gravitational
leptogenesis was first calculated in Ref. [18] (see also
Ref. [40]). The anomaly equation, Eq. (2), can be directly
integrated by making use of the fact that RR˜ = 2∇µKµ,
where Kµ is the topological current
Kµ = 2µαβγ
[
1
2
Γσατ∂βΓ
τ
γσ +
1
3
ΓσατΓ
τ
βηΓ
η
γσ
]
, (3)
and Γ is the usual Christoffel connection [21]. This leads
to the change in the baryon-minus-lepton number during
inflation (assuming an initially vanishing asymmetry at
t = ti)
NB−L(te) = −2 3
24
1
16pi2
(
He
MPl
)2 (
HGWR−L(te)−HGWR−L(ti)
)
.
(4)
The dimensionless quantity HGWR−L is the expectation
value of the topological charge per unit Hubble volume
at the end of inflation measured in units of the standard
gravitational wave power spectrum amplitude [40]
HGWR−L ≡
∫
d ln k
[
k3
H3e
(∆2R −∆2L)
H2e /M
2
Pl
− k
He
(∆′2R −∆′2L )
H4e /M
2
Pl
]
.
(5)
Here ∆2χ(k, τ) = (k
3/2pi2)|γχ(k, τ)|2 is the dimension-
less power spectrum for gravitational waves of chirality
χ ∈ {L,R}, ∆′2χ = (k3/2pi2)|∂τγχ(k, τ)|2, γχ are the am-
plitudes of the left- and right-helicity gravitational waves,
and k is the comoving wavenumber.
Although HGWR−L is model-dependent, we can still make
a few general comments on its properties. In order to pro-
duce any significant particle asymmetry per Hubble vol-
ume (NB−L > 1), we clearly require HGWR−L  1, because
CMB constraints impose (He/MPl) <∼ 10−5. Examining
Eq. (5) suggests two ways of obtaining a large HGWR−L:
1. A spectrum of chiral gravitational waves of the
typical inflationary amplitude (∆2R − ∆2L ∼
O(H)(He/MPl)2) that contributes up to some far
UV scale Λ He, (see, for example, [18]).
2. Gravitational wave modes of one helicity that at-
tain a very large amplification – above their usual
inflationary values – near to the horizon at the end
of inflation (∆2R −∆2L  (He/MPl)2 for k ∼ aeHe)
[40].
In what follows, we remain agnostic about the origin
of such a large topological charge, although we take as
a benchmark the value we estimate from Ref. [40] of
HGWR−L ∼ −1014.
Let us now consider how the asymmetry in Eq. (4)
is distributed across the various standard model species.
For a left-chiral Weyl fermion χ let nχ(t) be the num-
ber density of χ-number at time t, i.e. the number den-
sity of left-handed χ particles minus the number den-
sity of right-handed χ¯ antiparticles. Since the gravi-
tational interaction is universal (flavor blind), gravita-
tional leptogenesis produces an equal initial asymme-
try in every standard model fermion species with only
a differing sign for left- and right-chiral fermions. The
standard model fermions are denoted by uiL, d
i
L, u
i
R,
diR, ν
i
L, e
i
L, and e
i
R, corresponding to the left-chiral up-
type quarks of generation i (color index suppressed),
left-chiral down-type quarks, right-chiral up-type quarks,
right-chiral down-type quarks, left-chiral neutral leptons,
left-chiral charged leptons, and right-chiral charged lep-
tons. The number densities at the end of inflation satisfy
nuiL(te) = ndiL(te) = −NcH
3
e NB−L(te)/3 , (6a)
nuiR(te) = ndiR(te) = +NcH
3
e NB−L(te)/3 , (6b)
nνiL(te) = neiL(te) = −H
3
e NB−L(te)/3 , (6c)
neiR(te) = +H
3
e NB−L(te)/3 , (6d)
3
where i = 1, 2, 3 is the generation index, and we have
summed over Nc = 3 colors of quarks. The initial
asymmetries in the standard model bosons are zero. Al-
though the standard model quarks carry individual asym-
metries, there is no initial baryon asymmetry, nB =
(1/3)
∑
i(nuiL +ndiL +nuiR +ndiR) = 0. The initial lepton
asymmetry is nL =
∑
i(nνiL + neiL + neiR) =
∑
i nνiL =
−H3e NB−L, which remains nonzero because the stan-
dard model neutrinos νiL have no right-chiral counterpart.
This initial condition differs notably from thermal lepto-
genesis for which the initial asymmetry from heavy Ma-
jorana neutrino decays is carried only by the left-chiral
leptons and the Higgs bosons.
Next we calculate the baryon-minus-lepton asymme-
try, YB−L ≡ nB−L/s, which allows us to compare with
the measured matter-antimatter asymmetry in Eq. (1).
Reheating occurs after the end of inflation (ae < a) as
the inflaton begins to transfer energy into relativistic
particles. These relativistic particles thermalize quickly
forming a plasma. Eventually, the energy density of the
plasma becomes larger than the energy density of the in-
flaton, which signals the end of reheating and the start of
the radiation-dominated era. We compute the asymme-
try after the inflaton has completely decayed and reheat-
ing is concluded, forming a thermal bath of SM particles.
Let arh denote the value of the scale factor at the end
of reheating.2 Since the comoving number density NB−L
is (assumed to be) conserved after inflation, the phys-
ical number density of baryon-minus-lepton number at
reheating is given by nB−L(arh) = (ae/arh)3H3eNB−L. In
general reheating has a finite duration (ae < arh), and
the dilution factor (ae/arh)
3 measures the suppression of
the asymmetry during this period. For comparison, the
entropy density of the plasma at this time is given by
s(arh) = (2pi
2/45)g∗T 3rh where g∗ is the effective num-
ber of relativistic species at temperature Trh = T (arh).
While the universe expands adiabatically after the end of
reheating, the comoving entropy density a3s is conserved,
and therefore so too is the ratio YB−L = nB−L/s.
In order to evaluate the expansion factor (ae/arh)
3 we
assume that the dominant energy component during re-
heating (ae < a < arh) can be described as a perfect fluid
with pressure p, energy density ρ, and constant equation
of state w = p/ρ. The continuity equation then yields
ae
arh
=
(
ρrh
ρe
) 1
3(1+w)
. (7)
The Friedmann equation gives ρe = 3M
2
PlH
2
e where ρe
and He are the cosmological energy density and the Hub-
ble parameter at the end of inflation. At the end of
2 We define the end of reheating to be the time when the Universe
expands in a radiation dominated phase and the SM is thermal-
ized. The temperature at this time is denoted Trh. This is to
allow for an equation of state w = 1/3 during reheating.
reheating, the energy density of the universe is domi-
nated by the plasma, and the Friedmann equation gives
ρrh = (pi
2/30)g∗T 4rh.
Combining the equations above, we evaluate the
baryon-minus-lepton asymmetry as
YB−L = 2−
2+w
1+w 45
w
1+w pi−
2w
1+wM
− 21+w
Pl (8)
× g
−w
1+w∗ H
1+3w
1+w
e T
1−3w
1+w
rh NB−L .
If the effective equation of state during reheating is w = 0
then YB−L ∼ (HeTrh/M2Pl), whereas if w = 1/3 then
YB−L ∼ (He/MPl)3/2, which is independent of Trh.3
Comparing the two cases, for a fixed Trh and He, we
see that a matter-dominated reheating stage produces a
smaller baryon-minus-lepton asymmetry by a factor of
roughly Trh/
√
HeMPl. This factor equals unity if Trh is
computed using the assumption of instantaneous reheat-
ing (the limiting case of all reheating scenarios) but can
otherwise be very small if the matter-dominated stage is
prolonged and the value of Trh is significantly reduced.
In the standard model, both lepton number and baryon
number are anomalous under the electroweak interac-
tions [49]. Consequently, the lepton asymmetry is
partially converted into a baryon asymmetry via non-
perturbatively large thermal fluctuations of the SU(2)L
gauge field in the hot plasma (sometimes called the hot
electroweak sphaleron) [50–52]. If the initial baryon-
minus-lepton asymmetry is given by YB−L in Eq. (8),
then using the formalism of Ref. [53] we calculate the
final baryon asymmetry to be YB = (28/79)YB−L.
Using the above formulae, we evaluate the baryon
asymmetry
YB '
(
4× 10−10)C(w)
C(0)
( g∗
106.75
) −w
1+w
(9)
×
(
He
1013 GeV
) 3+5w
1+w
(
Trh
1015 GeV
) 1−3w
1+w
(
HGWR−L
−1014
)
where C(w) is a numerical coefficient that can be in-
ferred from Eq. (8). For comparison, the observed value
is YB ' 0.861 × 10−10 from Eq. (1). Therefore, gravita-
tional leptogenesis is naturally accommodated in models
with high-scale inflation (He >∼ 1013 GeV), that produce
large-amplitude, left-chiral gravitational waves at the end
of inflation (HGWR−L ∼ −1014), provided reheating is effi-
cient (Trh >∼ 1015 GeV). However, as we discuss in the
next section, if the neutrinos are Majorana particles, this
estimate is overly optimistic because washout effects have
been neglected.
3 One could consider w > 1/3 following inflation, however, as
noted by Ref. [28], this generally requires a number of additional
assumptions, and we do not consider it here. For w < 1/3,
YB−L strictly decreases with the reheat temperature, and there-
fore instantaneous reheating represents an upper bound on the
asymmetry attainable in this model.
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FIG. 1. The baryon asymmetry YB = nB/s generated from gravitational leptogenesis in a model where the Hubble scale at
the end of inflation is He, the plasma temperature at the end of reheating is Trh, and baryon-minus-lepton-number is assumed
to be conserved after inflation (Dirac mass scenario). The left panel shows the case where the effective equation of state during
reheating is w = 0 and the right panel shows w = 1/3. The amplitude of chiral gravitational waves is parametrized by HGWL−R
[see Eq. (5)], which we take to be HGWR−L = −1014 in drawing the contours, but more generally YB ∝ −HGWR−L as in Eq. (9).
We show the viable region of parameter space (neglect-
ing washout) in Fig. 1 for reheating equations of state
w = 0, as well as w = 1/3. Energy conservation requires
ρrh ≤ ρe, which implies an upper limit on the reheat tem-
perature, Trh <∼ (3 × 1015 GeV)
√
He/1013 GeV. Obser-
vations of the cosmic microwave background polarization
(B-modes) impose an upper limit on the energy scale of
inflation. In models of single-field, slow-roll inflation, the
amplitude of the tensor power spectrum is predicted to
be At = 2H
2
cmb/(pi
2M2Pl) where Hcmb is the value of the
Hubble parameter when the modes that we observe to-
day in the CMB were exiting the horizon during inflation,
which is roughly 60 e-foldings before the end of infla-
tion. Planck measures the amplitude of the scalar power
spectrum to be As ' 10−10e3.1, and it constrains the
tensor-to-scalar ratio to be r = At/As < 0.10 [1]. This
implies an upper limit of Hcmb =
√
(pi2/2)rAsMPl <∼
(8.0 × 1013 GeV)√r/0.1. The relation between Hcmb
and He is model-dependent; for a quadratic inflaton po-
tential we have He ≈ Hcmb/10. The next generation of
CMB telescopes (Stage-3 and 4) are projected to be sen-
sitive to r at the level of σ(r) ∼ 0.01 or better [48], which
means that the entire parameter space in Fig. 1 can be
tested with observations of CMB polarization [40].
IV. IMPLICATIONS OF NON-ZERO
NEUTRINO MASS
If the low energy particle content and interactions are
described by the standard model, then gravitational lep-
togenesis works as we have described in the previous sec-
tion. However, the standard model must be extended in
order to accommodate measurements of nonzero neutrino
mass, which raises the question of whether the neutrinos
are Dirac or Majorana particles. In this section, we dis-
cuss each of these scenarios and their implications for
gravitational leptogenesis.
A. Massive Dirac neutrinos
In the Dirac mass scenario, right-chiral neutrinos are
added to the standard model and their mass is taken to be
degenerate with the left-chiral neutrinos. Consequently
the gravitational anomaly in the lepton-number current
is cancelled, i.e., NL−R = 0 in Eq. (2). Nevertheless,
gravitational leptogenesis is still viable.
Although a growing gravitational wave chirality does
not generate a net lepton number, it does generate an
axial-lepton number, i.e. equal and opposite lepton num-
bers in the left-chiral, active (SM) neutrinos and in the
right-chiral, sterile neutrinos. The conservation of axial-
lepton number is violated by the neutrino Yukawa inter-
action, but since the Yukawa coupling is extremely small
5
(λν ∼ mν/v ' 10−12), these interactions are always out
of equilibrium. Effectively, the lepton number carried by
the right-chiral (sterile) neutrinos is sequestered from the
baryon and lepton number carried by the standard model
particles. As a result, the asymmetries in the standard
model sector are unaffected by the addition of the sterile
neutrinos to the theory, and the outcome of gravitational
leptogenesis is unchanged.
This sequestration phenomenon is essentially a gravi-
tational version of the well-known Dirac leptogenesis sce-
nario [54, 55]; in this model the initial axial-lepton num-
ber is generated through the gravitational anomaly in-
stead of through the decay of a heavy species. We note
that this scenario was not considered in the original grav-
itational leptogenesis proposal [18].
The sterile neutrinos persist today as a cosmological
relic. Their number density is approximately equal to the
number density of baryon number, n ' (3×10−7) cm−3.
If these neutrinos are non-relativistic, then they con-
tribute to the dark matter relic abundance. Their en-
ergy density compared to the critical density is roughly
mn/(3M2PlH
2
0 ) ∼ (6× 10−12)(m/0.1 eV), which is a neg-
ligible contribution to the total dark matter relic abun-
dance.
B. Massive Majorana neutrinos
In the Majorana mass scenario, the neutrino masses
arise from the lepton-number-violating Weinberg op-
erator after electroweak symmetry breaking.4 The
dimension-5 Weinberg operator can arise from various
UV completions in which lepton number is violated. One
simple and compelling example is the (Type-I) seesaw
model [56–61]. In this scenario, one introduces heavy
right-handed Majorana neutrinos, and the Weinberg op-
erator is generated upon integrating these particles out
of the theory.
Let us briefly anticipate the effect of massive Majo-
rana neutrinos on gravitational leptogenesis; we post-
pone a more detailed discussion to Sec. V. We focus on
the Type-I seesaw model for concreteness, but our con-
clusions are immediately generalized to other Majorana
neutrino mass models. We separate the discussion into
two different mass regimes, mN  HI and mN < HI .
4 Here we assume that the scale of lepton-number violation, mN ,
is much larger than the weak scale, v. The regime mN <∼ v starts
to be constrained by experiment, but we note that mN  mν
is again unconstrained, and specifically the Dirac mass scenario
is obtained in the limit mN → 0 (provided of course that the
Yukawa couplings are changed appropriately to give the correct
neutrino mass scale, mν).
1. High Majorana mass scale, mN  HI
Assuming that the additional heavy Majorana neutri-
nos are sufficiently massive compared to the inflationary
Hubble scale, mN  HI , then they are not generated
by a growing gravitational wave chirality during infla-
tion. Instead the lepton number is carried only by the
standard model fermions, as we have discussed already
in Sec. III. This is the scenario proposed in Ref. [18].
However, the lepton-number-violating Weinberg opera-
tor provides a channel to (partially) washout the lepton
asymmetry.
Typically the scale of explicit lepton-number violation
(seesaw scale) is around 1012 − 1014 GeV, and we antici-
pate a significant washout of lepton number if the reheat
temperature is as high as Trh ∼ 1015 GeV as suggested
by the estimates in Eq. (9) in the previous section. These
processes have been ignored in existing studies of gravita-
tional leptogenesis even though the assumption of instant
reheating is often used in order to maximize the lepton
asymmetry. In the next section we estimate the effects
of these processes during reheating.
2. Low Majorana mass scale, mN  HI
For mN  He the heavy Majorana neutrinos are pro-
duced gravitationally during inflation, and they carry
a particle-antiparticle asymmetry given by nνiR(te) =
H3eNB−L(te)/3 at the end of inflation. (We assume three
roughly degenerate heavy neutrinos, νiR, but our conclu-
sions are not qualitatively changed if one or two neu-
trinos are heavier and decoupled.) Consequently, the
B− L asymmetry carried by the standard model species
is cancelled, and there is no net baryon or lepton asym-
metry. Amusingly, this does not preclude the viability
of baryogenesis. This is because some of the asymme-
try is carried by sequestered sectors. In particular, the
asymmetry carried by right-chiral leptons can only be ex-
changed with other standard model particles through the
respective Yukawa interactions [62], which remain out of
equilibrium until T <∼ 3 × 1011 GeV, 1 × 109 GeV, and
8 × 105 GeV for the third, second, and first generation
leptons, respectively. This means that, as long as the
lepton-number-violating interactions mediated by the νiR
go out of equilibrium before the lepton Yukawa interac-
tions come into equilibrium, the lepton number carried
by e2R and/or e
1
R can be transferred to the baryon asym-
metry by the electroweak sphaleron. We note that the
condition mN  HI was assumed by Ref. [18].
V. LEPTON-NUMBER WASHOUT IN THE
MAJORANA MASS SCENARIO
The lepton-number washout calculation in this model
is very similar to the standard analysis that one en-
counters in the study of thermal leptogenesis (see, e.g.
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FIG. 2. Scattering processes in which a heavy Majorana neu-
trino N mediates lepton-number-violating interactions among
the standard model leptons L and Higgs bosons Φ.
Refs. [4, 12] for detailed reviews). For concreteness
we assume that the light neutrino masses arise from
the Type-I seesaw in which the standard model is ex-
tended to include three heavy right-chiral Majorana neu-
trinos, denoted by Ni ≡ νiR for i = 1, 2, 3, with a
common mass scale, mN . These heavy neutrinos medi-
ate lepton-number-violating interactions among the stan-
dard model left-chiral leptons, denoted by Li = (ν
i
L, e
i
L)
for i = 1, 2, 3, and the standard model Higgs bosons, de-
noted by Φ = (φ+, φ0). These interactions are illustrated
in Fig. 2.
The thermally-averaged lepton-number washout rate
can be calculated from the Feynman graphs in Fig. 2 us-
ing the techniques described in Ref. [12]. Here we make
a rough estimate, which is reliable up to O(1) numerical
factors. The thermal averaging consists of integrating
over the energy of the external particles and weighting
the cross section by the corresponding phase space dis-
tribution function. For the s-channel process, the ther-
mal averaging picks up a contribution from energies with
E ∼ mN , where the intermediate right-handed neutrino
(N) propagator goes on-shell. Otherwise the N is off-
shell, and for T  mN it is very off-shell. At a time
when the standard model plasma has a temperature T ,
the washout rate is estimated to be
Γw.o. ∼ max
[ λ2N
48pi
m3N
T 2
K1
(
mN/T
)
,
λ4N
4pi
T 3
m2N
]
. (10)
The first term is the contribution from on-shell N ’s,
which is Boltzmann suppressed for mN  T , and the
second is the contribution from off-shell N ’s. Here λN
denotes the coupling associated with the LΦN Yukawa
interaction, mN is the mass of the heavy Majorana neu-
trinos Ni (assumed to be approximately degenerate), and
Kn(x) is the modified Bessel function of the second kind
of order n. Since the LΦN Yukawa interaction gives rise
to the light neutrino masses after electroweak symme-
try breaking, we can write λN ≈
√
2mNmν/v2 where
mν ∼ 10−10 GeV is the light neutrino mass scale and
v ' 246 GeV is the vacuum expectation value (VEV)
of the Higgs field. Note that once we specify mν and
v, the off-shell contribution does not explicitly depend
on the value of mN . We can see this result more di-
rectly by first integrating N out of the theory to obtain
the Weinberg operator, (λ2N/mN )LΦLΦ, and then cal-
culating Γw.o., which corresponds to the second term in
Eq. (10). In this sense, the off-shell contribution to Γw.o.
is “model-independent” and insensitive to the specific UV
completion of the Weinberg operator.
In this section we focus on the regime mN  He
such that the heavy Majorana neutrinos are not pro-
duced gravitationally during inflation, and we discuss in
Sec. V D how are results are changed when this assump-
tion is relaxed. We have seen in Sec. III that gravitational
leptogenesis favors large He ∼ 1013 GeV. For such large
values of mN , the on-shell contribution to the washout
rate in Eq. (10) is negligible, and therefore we keep only
the off-shell contribution in our numerical analysis.
To determine the effect of washout on the baryon
asymmetry, we solve the full system of standard model
kinetic equations [see Ref. [63] for a summary], which are
extended to include the collision terms corresponding to
the additional lepton-number-violating interaction. The
new terms only appear in the kinetic equations for the
left-chiral lepton asymmetries and the Higgs asymme-
tries; they are written as
dnνiL/dt⊃ −
3∑
j=1
Sijνhνh , dnφ0/dt ⊃ −
3∑
i,j=1
Sijνhνh
dneiL/dt ⊃ −
3∑
j=1
Sijeheh , dnφ+/dt ⊃ −
3∑
i,j=1
Sijeheh (11)
where
Sijνhνh = Γw.o.(nνiL + nνjL
+ nφ0/2 + nφ0/2) δ
ij (12a)
Sijeheh = Γw.o.(neiL + nejL
+ nφ+/2 + nφ+/2) δ
ij . (12b)
For simplicity we assume that the lepton-number-
violating interactions are flavor diagonal (in the same
basis that diagonalizes Yukawa and gauge interactions)
and flavor universal; hence, the Kronecker delta δij ap-
pears. The additional factors of 1/2 on the Higgs terms
are the result of Bose-Einstein statistics.
Using the expressions above one can deduce that, while
the washout processes are active, the baryon-minus-
lepton-number density evolves according to the Boltz-
mann equation
d
dt
nB−L + 3HnB−L = Γw.o.
(
2
3∑
i=1
nliL + 3nΦ
)
(13)
where nliL = nνiL + neiL and nΦ = nφ+ + nφ0 . The source
term from gravitational leptogenesis is absent after the
end of inflation.
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A. Semi-Analytical Solution
Let us now derive a semi-analytical solution to the sys-
tem of kinetic equations and Eq. (13) in particular. It is
useful to first express the right side of Eq. (13) in terms
of nB−L. To do this we focus on plasma temperatures
around T ∼ 1011 GeV, corresponding roughly to lowest
temperature at which the lepton-number-violating inter-
actions are still in equilibrium (Γw.o. ∼ H). The standard
model processes that are in thermal equilibrium are the
weak sphaleron, the strong sphaleron, and the third gen-
eration up-type quark Yukawa interaction (see Ref. [63]
for further details). The reactions that are out of equi-
librium imply effective conservation laws. Importantly,
since the lepton Yukawa interactions are out of equilib-
rium, the corresponding right-chiral lepton-number den-
sities, neiR , are effectively conserved [62]. Solving the
resulting system of equilibrium conditions and conserva-
tions laws for nliL and nΦ lets us express the right side of
Eq. (13) as
2
3∑
i=1
nliL + 3nΦ = −
348
115
nB−L +
72
115
(ne1R + ne2R + ne3R) .
(14)
The numerical coefficients are related to an accounting of
the degrees of freedom and the hypercharge assignments.
Now we understand how the solution of Eq. (13) be-
haves. The first term in Eq. (14) tends to washout
the initial baryon-minus-lepton asymmetry as long as
Γw.o. > H. However, the second term prevents nB−L from
dropping exponentially close to zero, instead nB−L satu-
rates to a finite value, even when the left-chiral lepton-
number-violating interactions from Fig. 2 are in equilib-
rium. The lepton number carried by the right-chiral lep-
tons, eiR, is protected from washout, because the charged
lepton Yukawa interactions are out of equilibrium while
the left-chiral lepton-number-violating interactions are in
equilibrium.
We can derive a semi-analytic solution to the Boltz-
mann equation above. We first consider the regime where
the second term in Eq. (14) is negligible, and Eq. (13) can
be written as dnB−L/dt+3HnB−L = −C Γw.o. nB−L where
C = 384/115 ' 3.03. Upon specifying the boundary con-
dition at the end of inflation (t = te, a = ae), the solution
is
nB−L(t) = nB−L(te)
(
a(t)
ae
)−3
εw.o.(t) (15)
where the washout factor is
εw.o.(t) = exp
[
−C
∫ a(t)
ae
da′
a′
Γw.o.(T (a
′))
H(a′)
]
. (16)
Note that εw.o. asymptotes to a constant at late times
when Γw.o.  H. Therefore limt→∞ εw.o.(t) gives the
suppression of the baryon-minus-lepton asymmetry due
to washout. To further evaluate εw.o. it is necessary to se-
lect a model of reheating, which specifies T (a) and H(a),
and we return to this point in Sec. V B.
If lepton-number violation is very efficient, Γw.o.  H,
then Eqs. (15) and (16) imply an exponentially small
value for nB−L. However, the second term in Eq. (14)
leads instead to a finite asymptotic value where nB−L =
(6/29)(ne1R +ne2R +ne3R). Since the comoving densities of
eiR are conserved, we can relate these densities directly
to the initial condition from gravitational leptogenesis,
see Eq. (6). Doing so gives nB−L = εw.o. n
(0)
B−L where
n
(0)
B−L = H
3
eNB−L(te) (a(t)/ae)−3 would be the value of
nB−L if (B−L) were conserved and there were no washout,
and where εw.o. = 6/29 ' 0.21. We demonstrate below
in Sec. V C that this calculation matches well the fully
numerical solution that appears in Fig. 3.
B. Reheating
At the end of inflation, the inflaton must transfer its
energy into the standard model particles. This is ac-
complished through either perturbative decay [64, 65],
non-perturbative parametric resonance [66–68] (preheat-
ing), or possibly both mechanisms. For this work, we as-
sume perturbative reheating and that the standard model
sector thermalizes quickly forming a hot plasma. This
plasma does not cool adiabatically, because it continues
to be populated by the inflaton decay products. In fact,
the standard model plasma reaches a maximum temper-
ature Tmax ≈ Trh(He/Hrh)1/4 [69, 70], and it cools as
T (a) ∼ a−3/8 during the reheating epoch (ae < a < arh).
Meanwhile the total energy density is still dominated
by the inflaton, which redshifts like pressureless dust
ρ ∼ a−3, and consequently the Hubble scale evolves as
H ∼ a−3/2, which corresponds to w = 0 in Eq. (7). After
reheating is completed (a = arh) the energy density of the
standard model plasma is dominant, implying H ∼ a−2,
and the plasma cools adiabatically, implying T ∼ a−1.
It is straightforward to phenomenologically modify this
model of reheating to allow for different equations of state
in order to examine the conditions in which the washout
of lepton number can be minimized or avoided. We take a
phenomenological approach and simply use a more gen-
eral equation of state for the inflaton p = wρ, which
allows for w 6= 0.
For a general, constant w, the behavior of the temper-
ature and Hubble scale during and after reheating are
well approximated by (generalizing the computation of
Ref. [69] to w 6= 0)
T (a) =
{
Tmax (a/ae)
−3(1+w)
8 for ae ≤ a < arh
Trh (a/arh)
−1
for arh ≤ a
(17a)
H(a) =
{
He (a/ae)
−3(1+w)
2 for ae ≤ a < arh
Hrh (a/arh)
−2
for arh ≤ a
(17b)
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FIG. 3. We show the effective washout factor, εw.o., which
corrects the formula in Eq. (9) to account for lepton-number
violation due to heavy right-handed neutrino exchange. We
vary the equation of state during reheating in the blue-dashed,
red-dotted, black-solid, and green-dot-dashed lines. The thin
gray line shows the approximation in Eq. (16) for w = 0.
At high reheat temperature εw.o. ' 0.09, but this value has
an O(1) uncertainty from our rough estimation of Γw.o. in
Eq. (10).
where(
arh
ae
)3(1+w)
=
(
Tmax
Trh
)8
=
(
He
Hrh
)2
. (18)
The temperature and Hubble parameter at the end of
reheating, Trh and Hrh, are determined by the inflaton
decay rate Γφ. Approximately, the relation is Hrh ≈
Γφ or Trh ∼
√
ΓφMPl. In the following we treat Trh
as a free parameter. The maximum temperature during
reheating, Tmax, (at fixed values of He and Trh) does
not change significantly with w as compared to the usual
w = 0 case studied in Ref. [69]. We find that Tmax is
about 3% larger for w = −1/3 and about 7% smaller for
the extreme case of w = 1.
C. Fully Numerical Solution
Upon including washout effects, we numerically solve
the full system of kinetic equations, i.e. the equations in
Ref. [63] extended by the terms in Eq. (11), to determine
the baryon asymmetry YB. We define the washout sup-
pression factor εw.o. as the ratio of this YB and the ana-
lytic formula for YB in Eq. (9). To compare with with the
semi-analytical calculation, we also use Eq. (17) to evalu-
ate the integral that appears in Eq. (16). The integral can
be written in terms of special functions, but the resulting
expression is not particularly illuminating, and we do not
present it here. Instead, we present the results of inte-
grating Eq. (16) graphically in Fig. 3. We show the factor
by which the net lepton number is washed out for four dif-
ferent expansion histories during the reheating phase pa-
rameterized by equations of state w ∈ {−1/3, 0, 1/3, 1}.
The washout factor is only weakly dependent upon He
for 1012 GeV < He < 10
13 GeV. The fully numerical so-
lution agrees very well with the semi-analytical solution
that was derived in Sec. V A.
We now consider in detail the cases of matter domi-
nated expansion during reheating, w = 0, and radiation
dominated expansion during reheating, w = 1/3.
1. Matter domination, w = 0
If reheating after inflation proceeds via the perturba-
tive decay of a massive inflaton oscillating about the min-
ima of quadratic potential, the equation of state during
reheating is very close to that of dust, w = 0 [71]. We
present our results numerically for this case in the left
panel of Fig. 4, which shows the dependence of the fi-
nal baryon asymmetry YB on the reheat temperature Trh
and the Hubble rate at the end of inflation. The pre-
dicted YB is insensitive to the mass scale of the heavy
Majorana neutrinos provided that mN is large enough
for the off-shell contribution to Γw.o. to dominate [sec-
ond term in Eq. (10)]. We discuss the regime with smaller
mN in Sec. V D. Note that as the reheating temperature
drops below Trh ' 1× 1011 GeV washout becomes negli-
gible and the iso-baryon asymmetry curves approach the
curves in Fig. 1.
The requirements for successful gravitational leptogen-
esis can be read-off by simply looking at Fig. 1 and Fig. 3.
Neglecting any washout processes, observationally viable
values of YB are generated for large values of the Hub-
ble scale H >∼ 5 × 1012 GeV and also large values of the
reheat temperature Trh >∼ 1014 GeV, close to the instan-
taneous reheating limit. Dilution of the lepton-number
density due to the expansion of the universe during a
matter-dominated phase makes this corner of parame-
ter space the only viable one. Since for large values of
the reheat temperature the washout factor is constant
w.o. ∼ 0.08, successful gravitational leptogenesis requires
increasing the initial asymmetry by about one or two or-
ders of magnitude, corresponding to |HGWR−L| >∼ 1015, in
order to counteract the washout, while keeping the same
high values of the Hubble scale and reheat temperature.
2. Radiation domination, w = 1/3
In Chromo-Natural inflation, or Gauge-flation, the uni-
verse is dominated by a very weakly coupled (g <∼ 10−5)
gauge field at the end of inflation. In these cases, the
universe transitions quickly (within ∼ 3 e-folds) to ex-
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FIG. 4. The baryon-to-entropy ratio YB = nB/s generated from gravitational leptogenesis in a Majorana-mass model where
the Hubble scale at the end of inflation is He, the plasma temperature at the end of reheating is Trh, and the effective equation
of state during reheating is w = 0 (left panel), and w = 1/3 (right panel). We take HGWR−L = −1014 to draw the contours,
but more generally YB ∝ −HGWR−L. The washout of lepton number by approximately an order of magnitude is apparent for
Trh >∼ 1011 GeV.
panding with an effective equation of state of w = 1/3,
corresponding to radiation domination. Reheating in this
case is facilitated by the decay of the (dark) gauge bosons
into the standard model. Similar behavior could also
arise, for example, if the inflaton decays exclusively into
a dark sector with w = 1/3, which then decays into the
SM. In both of these cases, the standard model is not
thermalized until some later time, denoted by TRH. The
equation of state w = 1/3 is also attained for a quartic
potential, [71, 72], and more generally for potentials that
are different from quadratic at the origin [73, 74]. We
present the numerical results for this case in the right
hand panel of Fig. 4. We observe similar behavior to
the matter dominated case, namely that as the reheating
temperature drops below Trh ' 1 × 1011 GeV washout
becomes negligible and the iso-baryon asymmetry curves
approach the curves in Fig. 1. Contrary to the matter-
dominated reheating case, successful gravitational lepto-
genesis is possible for |HGWR−L| ∼ 1014, which is within
the realm of the modified CNI models considered by Ref.
[40].
D. Lower Majorana Neutrino Mass
In the preceding discussion we have assumed that the
scale of the heavy Majorana neutrinos obeys mN  He
such that these particles are not produced during infla-
tion, and they do not thermalize with the standard model
plasma. Then Γw.o. can be approximated by the off-shell
contribution alone, which is the second term in Eq. (10).
In this section we discuss how the previous results are
changed when mN is lower.
In Figure 5 we numerically study the regime mN  He
by including both the on-shell and off-shell contributions
to the thermally averaged washout rate in Eq. (10). We
consider matter-dominated expansion during reheating,
which dilutes the lepton asymmetry before reheating.
As demonstrated above, this dilution can be avoided if
the equation of state is that of radiation. For mN >
1013 GeV the results are unchanged from the calcula-
tion in the previous section where the heavy Majorana
neutrinos are decoupled. For mN < 10
13 GeV the relic
baryon asymmetry is modified by an O(1) factor, and the
sign flips. This is because the lepton asymmetry carried
by the left-chiral leptons is efficiently washed out, and
the lepton asymmetry carried by the eiR is eventually
redistributed when the corresponding Yukawa interac-
tion comes into equilibrium. An exponential washout of
the baryon and lepton asymmetries is avoided unless the
heavy Majorana mass scale is very low, mN <∼ 106 GeV,
such that lepton-number violation is still in equilibrium
when the electron Yukawa equilibrium comes into equi-
librium (and e1R-conservation is lost).
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FIG. 5. The effect of varying the mass scale of the heavy
Majorana neutrinos, mN , and the reheating temperature (for
matter-dominated expansion, w = 0, during reheating) on
the resulting baryon-to-entropy ratio YB = nB/s that is gen-
erated from gravitational leptogenesis. In making this figure,
we have taken He = 10
13 GeV. Note that the baryon asym-
metry changes sign at mN ∼ 1012 GeV. For mN > 1012 GeV,
sign(YB) = −sign(HGWR−L), while sign(YB) = sign(HGWR−L) for
106 < mN < 10
12 GeV.
VI. CONCLUSIONS
In this work we have examined inflationary gravita-
tional leptogenesis when confronted with realistic models
of reheating and neutrino mass generation. Whereas it is
customary to assume instantaneous reheating in studies
of gravitational leptogenesis, models of reheating gener-
ally predict a much smaller reheat temperature, Trh. We
study the dependence of the predicted baryon asymmetry
on Trh and the effective equation of state during reheat-
ing, w. Additionally, earlier studies of gravitational lep-
togenesis neglect the possible effects of nonzero neutrino
mass, which requires new particles and interactions be-
yond the standard model. In this work, we have studied
the implications of both the Dirac and Majorana mass
scenarios. We have shown that gravitational leptogene-
sis is viable in both mass scenarios, despite the fact that
lepton number is not violated in the Dirac scenario, and
despite the fact that the lepton asymmetry can be washed
out in the Majorana scenario. In the remainder of this
section, we summarize our key findings related to gravi-
tational leptogenesis in the context of realistic models of
reheating and neutrino mass generation.
Relaxing the assumption of instantaneous reheating,
we apply a phenomenological description of reheating to
calculate the baryon asymmetry, YB, in terms of the re-
heat temperature, Trh, and the equation of state dur-
ing reheating, w (assumed to be constant). Under these
generalized assumptions, Eq. (9) gives the prediction for
YB = nB/s which is illustrated in Fig. 1. If the uni-
verse is effectively matter dominated during reheating,
w = 0, the baryon asymmetry is diluted, because the co-
moving number density, a3nB−L, is conserved. To avoid
diluting YB excessively, the reheat temperature must be
high, Trh >∼ 1014 GeV for the benchmark gravitational
wave chirality assumed here, HGWL−R = −1014; the limit
weakens for larger HGWL−R. However, if the universe is ra-
diation dominated during reheating, w = 1/3, then the
dilution factor is compensated by the Trh-dependence in
the entropy density, s, and the resulting baryon asym-
metry, YB = nB/s, is independent of Trh. In either sce-
nario, gravitational leptogenesis requires a high Hubble
scale at the end of inflation, He >∼ 1012 GeV, which im-
plies an amplitude of primordial gravitational waves that
is within reach of CMB polarization (B-mode) measure-
ments. In a (more exotic) model with w > 1/3 the baryon
asymmetry increases during reheating, and YB can be
compatible with the measured asymmetry for a smaller
gravitational wave chirality.
Going beyond the standard model of particle physics,
we first consider that the neutrinos are Dirac particles
which get their tiny mass from a small Yukawa coupling.
Upon introducing three right-chiral neutrino fields, in or-
der to fill out the missing components of the neutrino
Dirac spinor, the gravitational anomaly in lepton num-
ber is vanishing, because the contributions from left- and
right-chiral leptons cancel. Nevertheless, gravitational
leptogenesis is still a viable explanation of the matter-
antimatter asymmetry. Although the growing gravita-
tional wave chirality does not generate a net lepton num-
ber, it does generate equal and opposite lepton asymme-
tries in the active and sterile neutrinos. Since the neu-
trino Yukawa coupling is extremely tiny, the interactions
it mediates are out of equilibrium, and the lepton number
carried by the sterile neutrinos is effectively sequestered
from the lepton number in the standard model sector.
Consequently, the predictions of gravitational leptogene-
sis are unaffected by the presence of the sterile neutrinos,
and the resultant baryon asymmetry appears in Eq. (9)
and Fig. 1. The relic sterile neutrinos are unobservable
in practice.
Finally we study gravitational leptogenesis under the
hypothesis that the light neutrinos are Majorana parti-
cles, and the neutrino mass scale is set by the Type-I
seesaw mechanism upon introducing much heavier right-
chiral Majorana neutrinos. The heavy Majorana neutri-
nos mediate interactions that violate (B−L) and threaten
to wash out the B− L asymmetry generated by gravita-
tional leptogenesis. However, we have shown that a com-
plete (exponential) erasure of the asymmetry is avoided
as long as the lepton Yukawa-interactions are out of equi-
librium at the temperatures where the (B− L) violation
is in equilibrium. This is because gravitational lepto-
genesis populates an asymmetry in all of the standard
model fermions, and the lepton number carried by the
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right-chiral charged leptons is protected from washout
while the lepton Yukawa-interactions are out of equilib-
rium. Using both semi-analytical arguments and a fully
numerical calculation, we show that the washout factor
varies from w.o. ≈ 1 for Trh <∼ 1011 GeV to a modest
suppression of εw.o. ' 0.08 for a higher reheat tempera-
ture (see Fig. 3).
This sequestration of lepton number in right-chiral
charged leptons also implies that the mass scale of the
heavy Majorana neutrinos need not satisfy mN  HI ,
which is often assumed in studies of gravitational lep-
togenesis. For mN < HI both the left- and right-chiral
neutrinos are populated during inflation, and the net lep-
ton asymmetry vanishes, as in the Dirac mass scenario
discussed above. Subsequently, for a high enough reheat
temperature, the asymmetries carried by the right-chiral
Majorana neutrinos and the left-chiral leptons will be
partially washed out by their (B − L)-violating Yukawa
interactions. However, as shown in Fig. 5, as long as
mN >∼ 106 GeV, the (B − L)-violating interactions go
out of equilibrium before the electron Yukawa interaction
comes into equilibrium, and the lepton number carried
by the right-chiral electron is preserved and converted
to baryon number by the standard model electroweak
sphaleron.
Finally, we note that there is a definite connection be-
tween the chirality of the gravitational wave background,
the nature of the neutrinos (Dirac vs Majorana), and the
scale of explicit lepton-number violation (if present). On
the one hand, to explain the baryon asymmetry, left-
chiral gravitational waves require either Dirac neutrinos
or Majorana neutrinos with high-scale lepton-number vi-
olation, mN >∼ 1012 GeV. On the other hand, right-chiral
gravitational waves require Majorana neutrinos with lep-
ton number violation 106 < mN < 10
12 GeV, which can
be seen from Fig. 5. Therefore, detection of either a
right- or left-chiral gravitational wave background may
shed light on the nature of neutrino mass generation.
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